Recently a complete kinematic description of the 3-RPS parallel manipulator was obtained using algebraic constraint equations. It turned out that the workspace splits into two components describing two kinematically different operation modes. In this paper the algebraic description is used to give a complete analysis of all possible self-motions of this manipulator in both operation modes. Furthermore it is shown that a transition from one operation mode into the other in a self-motion is possible.
Introduction
A 3-RPS manipulator is a three degree of freedom (3-DOF) parallel manipulator. It consists of an equilateral triangular fixed platform and a similar moving platform connected by three identical RPS legs. The first joint (R-joint) is connected to the base and the last joint (S-joint) is connected to the moving platform (see Fig. 1 ). The legs are extensible, changing lengths via prismatic joints (P-joints), thereby moving the platform with three highly coupled DOFs. In the past few years the 3-RPS obtained a lot of attention in the kinematics community [1] . In Ref. [2] , an overview of existing results can be found and especially it is stated that Hunt [3] introduced this type of lower mobility parallel manipulator. In Ref.
[2], Gallardo et al. present a kinematic analysis of the manipulator including position, velocity and acceleration behavior using vector loop equations for the position analysis and screw theory for velocity and acceleration analysis. Bonev [4] lists the manipulator among the zero torsion parallel manipulators. Huang et al. [5] present an analysis of the instantaneous motion capability of the manipulator using screw theory. They discuss the distribution of twist axes only in three different configurations of the manipulator: (a) platform and base are parallel at the considered instant; (b) the platform rotates about an axis coincident with one side of the platform triangle and (c) a "general mode". Because of the local nature of this method several particularities of the global behaviour of this mechanism were overlooked. Already Tsai [1] reports the correct number of solutions of the direct kinematics, but as it turned out, due to the applied local methods (also in Ref.
[2]), a complete description of operation modes and singular poses was overlooked. This gap was partially closed by Basu and Ghosal [6], who gave a characterization of special singular poses of the manipulator.
In Ref. [7] , using an algebraic description of the manipulator, together with Study's kinematic mapping, a complete characterization of the forward kinematics, the operation modes, the singular poses and the transitions between the operation modes was given. It turned out that the manipulator has two kinematically different operation modes. The first one is characterized by finite π-screws. Axes of these screws are tilted with respect to the base and the translation distance depends on the chosen axis. The second mode has horizontal screw axes with rotation angle and translation distance depending on the chosen axis. Note that this characterization refers to finite screws and not instantaneous screws. The singularities in both operations modes were derived in kinematic image space as well as in the joint space. In joint space the singularity surfaces are of degree 24 and it was shown that for input joint combinations fulfilling an eight order polynomial transition from one operation mode to the other is possible.
In this paper the self-motions of this manipulator will be discussed. The paper is organized as follows: In Sect. 2 a description of the architecture of the 3-RPS is given and the set of constraint equations is recalled. In Sect. 3 the possible self-motions for each operation mode are derived. Section 4 presents a method to transform the self-motions into a standard form and in Sect. 5 it is shown that a transition from one operation mode into the other via a self-motion is possible. It should be noted that the 3-RPS manipulator is a special case of the 6-3 Stewart-Gough platform. The self-motion of this type of manipulator was discussed by Karger [8] . As opposed to Karger's study we can prove that the classification of the self-motions of the 3-RPS manipulator presented in this paper is complete.
Robot design
With respect to Fig. 1 we consider the 3-RPS parallel manipulator with the following architecture: The base of the 3-RPS consists of an equilateral triangle with vertices A 1 , A 2 and A 3 and circumradius h 1 . The origin of the fixed frame Σ 0 coincides with the circumcenter of the triangle A 1 , A 2 and A 3 . The yz-plane of Σ 0 is defined by the plane A 1 , A 2 , A 3 . Finally, A 1 lies on the z-axis of Σ 0 . In the platform there is another equilateral triangle with vertices B 1 , B 0 and B 3 and circumradius h 2 . The circumcenter of the triangle B 1 , B 2 and B 3 lies in the origin of Σ 1 , which is the moving frame. Again, the plane defined by B 1 , B 2 and B 3 coincides with the yz-plane of Σ 1 and B 1 lies on the zaxis of Σ 1 . The two design parameters h 1 and h 2 are taken to be strictly positive numbers. Now each pair of vertices A i , B i (i = 1,…,3) is connected by a limb, with a rotational joint at A i and a spherical joint at B i . The length of each limb is denoted by r i and is adjusted via an actuated prismatic joint. The axes α i of the rotational joints at A i are tangent to the circumcircle and therefore lie within the yz-plane of Σ 0 . Overall we have five parameters, namely h 1 , h 2 , r 1 , r 2 and r 3 . While h 1 and h 2 determine the design of the manipulator, the parameters r 1 , r 2 and r 3 are joint parameters, which determine the motion of the robot. We can consider the joint parameters to be like design parameters when they are assigned with specific leg lengths r i . In some computations the leg lengths r i will be replaced with their squares which then will be denoted by R i . Deriving the constraint equations is one essential step in solving the kinematics of a manipulator. To compute these equations, which describe the motion capability, the direct kinematics and also the singularities of the manipulator, we use the Study-parameterization of the motion group SE(3). The vertices of the base triangle and the platform triangle in Σ 0 resp. Σ 1 are
